Mass spectrometric techniques were used to obtain detailed insight into the reactions of peroxyl radicals with model systems of (damaged) polyesters. Using a distonic radical ion approach, it was shown that N-methylpyridinium peroxyl radical cations, Pyr + OO , do not react with non-activated C-H bonds typically present in polyesters that resist degradation. Structural damage in the polymer, for example small amounts of alkene moieties formed during the manufacturing process, is required to enable reaction with Pyr + OO , which proceeds with high preference through addition to the p system rather than via allylic hydrogen atom abstraction (k add /k HAT 4 20 for internal alkenes). This is due to the very fast and strongly exothermic subsequent fragmentation of the peroxyl-alkene radical adduct to epoxides and highly reactive Pyr
Introduction
Our society relies heavily on manufactured polymers, which are used in increasingly demanding applications. The lifetime of polymers is strongly influenced by environmental conditions. In particular, weathering and ageing change the polymer's properties dramatically, resulting in decreased service life and limited usage.
Upon exposure to light, heat, humidity and air many polymers are believed to undergo degradation through radical-mediated autoxidation (Scheme 1).
which leads to carboxylic acids and 'vulnerable' alkene moieties. This undesired reaction can be reduced through incorporation of neopentyl groups, which lack b-C-H bonds. Even such structurally refined polyesters break down under environmental conditions, which indicates that the degradation mechanism in Scheme 1 is likely too simplistic. ‡ Lindsay Smith et al. studied autoxidation of aliphatic polyesters using monomeric neopentyl esters as model system. 7 The reaction was initiated by highly reactive O-and C-centred radicals RO and R , respectively, and product analysis revealed complex temperature-dependent radical translocations following initial HAT. At elevated temperatures (438 K) and in the presence of O 2 , formation of ROOH was observed. Although the origin of the hydrogen atoms was not explored, it cannot be excluded that thermal ester degradation could have occurred to some extent, which may have provided a source for labile H. Assuming that small amounts of 'damage', in particular alkene moieties, need to be present to promote radicalmediated degradation in a polyester, it is remarkable that the autoxidation mechanism generally considers hydrogen atom abstraction as the only reaction pathway for ROO , despite the fact that ROO is known to react with alkenes also by addition. 8 The resulting radical adduct decomposes to epoxides through homolytic O-O bond fragmentation, with concomitant release of highly reactive RO . 9 A similar radical addition-fragmentation process was proposed to take place also in combustions. 10 If such a reaction sequence could occur in polymers as well, the resulting epoxides and RO would both be expected to provide 'hot spots' for subsequent degradation. We have recently employed mass spectrometric techniques to study reactions of ROO in the gas phase using the distonic radical ion approach. 11 The permanent charge tag in N-methylpyridium peroxyl radical cation Pyr + OO (Scheme 2a) provides the opportunity to monitor its transformations on the millisecond to second time scale and to determine absolute rate data for ROO reactions. 12 In this work we employed this methodology to provide detailed insight into the role of ROO in radical-mediated polyester degradation under ambient conditions by studying the products and kinetics of the bimolecular reaction of Pyr + OO with structural motifs that could be typically found in (damaged) polyesters. § Compounds 2-9 ( Fig. 1 ) were selected as simplified models for alkenes, dialkenes, unsaturated esters, alkoxyesters and saturated alkyl systems, which are sufficiently volatile to be studied in the gas phase. ¶ High-resolution mass spectrometry (HRMS) and collision-induced dissociation (CID) experiments in combination with density functional theory (DFT) calculations of the potential energy surface were used to identify the chemical nature of the major products and the pathways to their formation. Fig. 1 Model systems studied in this work. ‡ Photo-oxidation has been deemed as most detrimental for the stability of polyester coatings, but through addition of radical scavengers, such as Hindered Amine Light Stabilizers (HALS) and UV-absorbing agents, their photo-stability can be significantly improved. Another known pathway for polyester degradation involves hydrolysis. However, because this is a non-radical process, it is not a topic of this study. § Studies in the gas phase provide a useful guideline to obtain insight into chemical processes in a polymer, since at the atomistic level bond-breaking and bond-forming processes are remarkably similar in the gas-phase and in solidstate materials, see: R. 
Scheme 2

Methods
Mass spectrometry experiments
The experiments were conducted in a Thermo Scientific (Bremen, Germany) LTQ-FT hybrid mass spectrometer. It consists of a linear ion trap (LTQ) coupled to a Fourier transform ion cyclotron resonance (FT-ICR) mass spectrometer, which has been modified to allow introduction of volatile neutral reagents into the ion trap for ion-molecule reaction studies. Details are given in the ESI. † 11, 13, 14 Recent experiments have demonstrated that ions undergoing ion-molecule reactions in the ion trap of the mass spectrometer are quasi thermalized to the temperature of the helium bath gas (298 K). determined from the experimental concentration-time profiles of the various reaction products through kinetic fitting using the software package Dynafit 4, which performs a least-square analysis. 15 Mass discrimination is unlikely to be important.
Therefore, the peak area for the various ionic species is likely to directly reflect their concentration.
Computational studies
The calculations were carried out utilizing the Gaussian 09 program 16 at the BHandHLYP/6-311++G* with the neutral substrates 2-9 (A) are outlined in Scheme 3. The mass spectra for the exemplary reactions of 3-Pyr + OO with dihydrofuran 4 and methoxy ester 8 are shown in Fig. 3 . The data were acquired with the neutral substrate being present in large excess. The reaction of both isomeric Pyr + OO with cyclohexane (9) was too slow to observe with the experimental set-up. No measurable conversion was observed even after a reaction time of 10 seconds and, therefore, neither product nor kinetic studies could be performed for this substrate. This confirms that HAT from non-activated C-H bonds by Pyr + OO is unfavourable, which is in agreement with the computational predictions by Coote et al. 5 The mass spectra of all other reactions are given in Fig. S1 -S10 in the ESI. † In general, the reactions involving 4-Pyr + OO appeared to be faster than those with the isomeric, less electrophilic 3-Pyr + OO (see below). However, because the products of the individual reactions were found to be independent of the nature of the peroxyl radical cation, our discussion will mostly use the general terminology Pyr + OO and Pyr + O , respectively, without specifically denoting the position of the charge tag in the pyridine ring. The mass spectrum of the reaction of 4-Pyr + OO with diene 3
( Fig. 2a) In general, due to their lower electron density, terminal p systems are less activated for attack by electrophilic radicals. Despite this, a strong preference for radical addition over HAT was also found in the reaction of Pyr + OO with allyl ester 7
( Fig. 2b) . Similar to the reaction with diene 3, the initial radical adduct B at m/z 225 was not observed even at very short reaction times, suggesting a rapid fragmentation into Pyr CID gave a signal at m/z 110). It is worth noting that, because of to quite a significant extent. We will discuss this further in Section 2.3. The signal at m/z 214 is not a reaction product, but is believed to be a metastable ion-molecule cluster formed in the ion trap, which requires only little energy to undergo CID to give a fragment at m/z 110. To conclude, the mass spectrometric data clearly show that the reaction of Pyr + OO with alkenes occurs, rather than by HAT, with high preference by radical addition, which is followed by fragmentation of the radical adduct, (see also Fig. S1 -S10 in the ESI †). Even with highly activated bis-allylic C-H bonds, as present in cyclohexadiene 3, HAT is only the minor pathway.
Computational studies.
In order to further consolidate our experimental findings, DFT calculations of the potential energy surface for the reaction of 4-Pyr + OO with compounds 2-8 were performed. In addition, the reaction involving the isomeric 3-Pyr + OO was also explored for selected examples.
The calculated data are compiled in Table 1 . According to the computations, all reactions proceed via initial formation of an ion-molecule association complex between the reactants, [Pyr + OO
-A], which is 15-80 kJ mol À1 lower in energy, depending on the polarity of the neutral A, than the free reactants. The energy of the free reactants (entrance channel) will be defined as reference point, which is set to 0 kJ mol À1 . Because of the low pressure in the ion trap of the mass spectrometer, energy exchange with the surroundings through collision does not occur to a significant extent. [Pyr
therefore has excess energy that results from the internal and kinetic energy of the free reactants and the electrostatic energy that is released upon complex formation. Because of this, any subsequent reaction of [PyrOO + -A] is only possible, if the activation barrier for this process is smaller or equal to the energy difference between the entrance channel and the association complex. 19 Pathways with energies significantly above the entrance channel, on the other hand, cannot be accessed. According to the computations, the energy of the transition state for radical addition to the p system in 2-7, TS add , is generally lower than for allylic hydrogen abstraction, TS HAT . Despite resonance stabilisation in the resulting (bis)allyl radicals, TS HAT for all reactions is located only slightly below or even above the entrance channel, and, therefore, this process should be comparatively slow. This is in excellent agreement with the experimental findings. The predicted more positive energies of both TS HAT terminal alkenes, such as allylester 7, radical addition to the less hindered site (a attack) is associated with a lower barrier than addition to the higher substituted site (b attack), although the energies of the resulting isomeric radical adducts B are similar (entry 6). The impossibility to locate TS add for both a and b attack in the reaction involving dihydrofuran 4 by DFT methods could be taken as indication for a very fast, practically barrierless process (entry 3). Of all compounds studied in this work (except cycloalkane 9), the lowest reactivity would be expected for the methoxy ester 8. The calculated barrier for HAT from the central secondary methylene group is about 8 kJ mol À1 above the entrance channel, which is therefore a slow, however overall exothermic process, since the most likely product radical MeOCÁHC(O)OMe is stabilized by capto-dative effects (entry 7). The computations predict very rapid and exothermic fragmentation of the O-O bond in radical adduct B for both isomeric . This supports the experimental finding that the radical adduct B was never observed in the reactions involving alkenes 2-7 on the time scale of the mass spectrometric experiments. According to intrinsic reaction coordinate (IRC) calculations, TS frag is the barrier of a concerted O-O bond scission and epoxide formation process, which should therefore be regarded as an intramolecular homolytic substitution, S H . For simplicity, however, we will use the term 'fragmentation' in this work. Under our experimental conditions, the radical leaving group, Pyr + O , is rapidly trapped by reaction with excess neutral substrate. Compared to the HAT pathway, the sequential radical additionfragmentation process is, overall, not only kinetically, but also thermodynamically considerably more favourable. However, if only the first step is considered, the C-centred radicals A formed by HAT are either stabilized by resonance (substrates 2-7) or by captodative effects (substrate 8), and the initially formed product association complex [Pyr ultimately provides the driving force for the radical addition pathway. The irreversibility of the sequential radical addition/ fragmentation ultimately determines the overall reaction outcome and is particularly important in reactions with similar barriers for both initial HAT and radical addition, for example in the case of allylester 7 (see also Fig. 2b ). It should be noted that the data in Table 1 include also the energies of the free products, which are 30-50 kJ mol À1 above the respective product association complexes. While the charge tag on the peroxyl radicals is a useful tool to explore reaction pathways with polymer model systems in detail on a very short time scale, peroxyl radicals formed during 'natural' polymer degradation are most likely neutral species. For comparison, we have therefore also calculated the potential energy surface for the exemplary reaction of cyclohexadiene 3 with the neutral pyridine peroxyl radical 4-PyrOO (entry 11). The most important consequence of the reduced electrophilicity of this peroxyl radical is an increase and equalisation of the activation barriers for HAT and radical addition, thus slowing down both pathways. The barrier for O-O bond fragmentation rises from 11 to 38 kJ mol À1 (entry 2 vs. 11), but the large exothermicity associated with formation of the epoxide and 4-PyrO provides the driving force that renders this pathway irreversible. A similar rate-enhancing effect caused by electronwithdrawing substituents has been observed for HAT and addition reactions of phenyl radicals, which has been rationalized by polarization of the respective transition states. 20 Thus, despite the lower reactivity of the less electrophilic, neutral peroxyl radicals, these data clearly show that, even in substrates with highly activated C-H bonds, radical addition to p systems, followed by fragmentation, is a very important pathway that needs to be considered in radical-mediated polymer degradation, in particular since very reactive products are formed. Epoxides are readily attacked by nucleophiles, including oxygen or nitrogen centres that are present in adjacent polymer chains. The highly reactive RO could propagate further radical chain reactions not only through HAT, in accordance with eqn (6) in Scheme 1, but also through addition to p systems, as has been observed in this work. These different processes are expected to lead to significant changes of the polymer structure and morphology. ) as function of reaction time (see Methods). The neutral substrates 2-8 were used in excess such that pseudofirst order rate law could be applied. The pseudo-first order rate constants k obs were obtained from the semilogarithmic plots for the decay of Pyr + OO for different excess concentrations of the neutral substrate. Fig. 4 gives the second-order rate constant k, which was obtained from the plot of k obs vs.
[substrate].
(b) The rate constants for the two competing pathways of Pyr + OO through HAT and addition (in the case of alkenes 2-7),
were obtained from kinetic modelling of the experimental concentration time profiles using the program Dynafit 4 (see Methods). The mass spectrometric data were fitted using eqn (12) for the HAT pathway (formation of Pyr + OOH at m/z 126) and eqn (13) for the radical addition-fragmentation pathway (this was modelled by analysing formation of Pyr + O at m/z 109, since radical adduct B underwent fragmentation on a shorter timescale than our experiments, which is supported by the computational predictions).
Because of the high reactivity of Pyr + O , it was required to include secondary reactions with the neutral substrate through HAT (eqn (14) , formation of Pyr + OH at m/z 110) and addition (eqn (15) , formation of adduct radical D at variable m/z) in the kinetic model. In some cases it was found that D underwent subsequent fragmentations, which were accounted for in the kinetic scheme through eqn (15) .
Pyr
The fitted concentration-time profiles for the exemplary reaction of 4-Pyr + OO with cyclohexene (2) and of 3-Pyr + OO with E-3-hexene (6) are shown in Fig. 5 . The profiles for all other reactions are given in Fig. S11 -S22 in the ESI. † A compilation of the rate data is given in Table 2 . The data clearly show that the more electrophilic 4-Pyr + OO reacts with alkenes 2-7 about 2-4 times faster than the isomeric, less electrophilic 3-Pyr + OO . This confirms the role of polar effects in these reactions and provides strong support for the computational predictions in Table 1 . In general, the reaction rate for Pyr + OO consumption increases with increasing electron density of the alkene p system, e.g. terminal alkene (5, 7) o internal alkene (2, 3, 6) o enol ether (4). This is in accordance with the computed activation barrier for radical addition, TS add , shown in Table 1 . The efficiency of the reaction of both isomeric Pyr alkenes 2 and 6 show that conformational restriction in the alkene does not considerably affect the reaction rate (and efficiency). According to Fig. 3b, HAT The kinetic data for product formation show that radical addition occurs at a significantly faster rate than HAT, with k addition /k HAT 4 20. Only in the reactions involving cyclohexadiene 3, which possesses highly activated, bis-allylic C-H groups, and terminal alkene 5, in which radical addition is comparatively less favourable due to the less electron-rich p system, the relative significance of the HAT pathway increases. However, the ratio k addition /k HAT of 3-9 shows that radical addition remains the major pathway even in these reactions. Despite the lower rate constant for the reaction of the terminal allylester 7 with Pyr + OO , the strong preference for the addition pathway, as indicated by k addition /k HAT = 22-30, is likely due to the predicted strong exothermicity for formation of the respective product complex [Pyr + O -C] (see Table 1 ). Overall, the kinetic data are in excellent agreement with the computational studies, which not only predict a generally higher barrier for the HAT process, but also show the strong thermodynamic driving force of the addition-fragmentation pathway. Fig. S16 and S22 in the ESI †).
The fitted rate constants for k 16 of (6.3 AE 0. 
Conclusions
This work employed a combination of product, computational and kinetic studies to provide detailed insight into bimolecular reactions of peroxyl radicals with model systems of (damaged) polyesters. By using mass spectrometric techniques and the distonic radical ion approach not only could the chemical fate of the peroxyl radicals be directly observed, but also that of any charged reaction product. Because of their intrinsically higher reactivity but similar reaction pattern, the distonic peroxyl radical cations used as model for neutral peroxyl radicals that would be formed in polymers, enabled the study of their reactions at room temperature on the millisecond to second time scale. We have provided clear experimental evidence that nonactivated C-H bonds, such as those present in saturated alkyl chains, are practically inert to reaction with peroxyl radicals. This supports the theoretical predictions by Coote et al. 5 that the basic autoxidation mechanism (see Scheme 1) is unable to rationalize radical mediated degradation of polymers possessing only saturated alkyl chains under ambient conditions. Such a process requires the presence of small amounts of structural defects as starting point, in particular alkenes, which could result, for example, from the manufacturing process. In the reactions of peroxyl radicals with alkenes, allylic hydrogen abstraction ('autoxidation') does indeed occur, but it appears that this is not the exclusive reaction. In fact, the major reaction pathway proceeds through radical addition to the p system. This is immediately followed by fragmentation of the O-O bond through a homolytic substitution mechanism, which leads to formation of an epoxide and highly reactive RO . According to our product and kinetic studies, which are supported by the computational data, this sequential addition-fragmentation is both the kinetically and thermodynamically most preferred pathway for the reaction of peroxyl radicals with alkenes. The ease by which O-O bond fragmentation in the peroxyl radical adduct B takes place, suggests that a similar process should readily occur also within the polymer matrix, since bimolecular trapping of B (for example by oxygen) is not likely a competitive pathway. This is supported by the fact that the B-OO adduct resulting from reaction of B with residual oxygen in the ion trap was never observed in this study. The significance of our finding, which has to our knowledge not been considered in the mechanism of radical mediated polymer degradation so far, lays in the fact that epoxides could subsequently be attacked through non-radical pathways by any nucleophile present in the system, including oxygen or nitrogen centres in adjacent polymer chains, which could lead to dramatic alteration of the polymer structure. RO , on the other hand, are extremely reactive species, which have been seen in this work to act as radical chain carrier through both HAT and radical addition. In addition to this, depending on their structure, RO could also undergo b-fragmentation, which leads to generation of C-centred radicals that could subsequently be trapped by oxygen. 22 In the context of polymer degradation, it can therefore be concluded that, through reaction with alkenes, generally not overly reactive neutral peroxyl radicals are transformed into two highly reactive products, which can promote further degradation through secondary radical and non-radical pathways.
In future work, we will apply this methodology to explore the reaction of different distonic peroxyl and alkoxyl radicals with structural motifs found in other step-growth and chain-growth polymers.
